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Abstract: Transverse momentum spectra of charged pions, kaons, and protons produced at mid-rapidity in
central nucleus-nucleus (AA) collisions are analyzed by considering the contributions of two participant partons.
The experimental data measured in gold-gold (Au-Au) collisions at the Alternating Gradient Synchrotron (AGS)
by the E866, E895, and E802 Collaborations, in lead-lead (Pb-Pb) collisions at the Super Proton Synchrotron
(SPS) by the NA49 Collaboration, in Au-Au collisions at the Relativistic Heavy Ion Collider (RHIC) by the STAR
Collaborations, and in Pb-Pb and xenon-xenon (Xe-Xe) collisions at the Large Hadron Collider (LHC) by the
ALICE Collaboration are studied. The contributions of two participant partons are regarded as the two compo-
nents of transverse momentum of identified particle in the rectangular coordinate system. That is, the transverse
momentum of identified particle is regarded as the root sum square of the transverse momenta of two participant
partons. The excitation functions of kinetic freeze-out temperature and transverse flow velocity are extracted. The
two parameters increase quickly from ≈ 3 to ≈ 10 GeV and then slowly at above 10 GeV with the increase of
collision energy. In particular, there is a sidestep from near 10 GeV to 200 GeV in the excitation function of kinetic
freeze-out temperature.
Keywords: Excitation functions of related parameters, participant parton, kinetic freeze-out temperature,
transverse flow velocity
PACS: 12.40.Ee, 13.85.Hd, 24.10.Pa
1 Introduction
High-energy experiments are designed to study the
strongly interacting matter at high temperatures and
densities [1]. The deconfinement of colliding hadrons
into quark-gluon plasma (QGP), which then rapidly ex-
pands and cools down [2], is conjectured to be created
at such extreme collisions [3, 4, 5, 6]. In high energy
and nuclear physics, the study of transverse [momen-
tum (pT ) or mass (mT )] spectra of charged particles
produced in nucleus-nucleus (AA) collisions is very im-
portant. In particular, the AA collision process at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) provides a good opportunity to
study the signals and characteristics of QGP generation,
so as to indirectly study the system evolution and the
reaction mechanism of particle generation.
During the evolution of collision system [7, 8, 9],
the stages of kinetic freeze-out and chemical freeze-out
are two important processes. At the stage of chemi-
cal freeze-out, a phase transition from QGP to hadrons
occurred in the system, so the composition and ratio
of various particles no longer change. At the stage of
kinetic freeze-out, various particles are elastically col-
liding, so their pT and then mT spectra are no longer
changed [8, 10]. Therefore, by studying the pT (mT )
spectra, we can obtain some useful information, such as
the effective temperature (T ), the chemical freeze-out
temperature (Tch), and the kinetic freeze-out tempera-
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ture (T0 or Tkin) of the system, as well as the transverse
flow velocity (βT ) of the final state particles. The tem-
perature in which we do not exclude the contribution
of transverse flow is called the effective temperature.
The temperature at the stage of chemical freeze-out is
the chemical freeze-out temperature. The temperature
at the kinetic freeze-out moment is called the kinetic
freeze-out temperature.
It is very important to study the behavior of T0 and
βT due to their relation to map the phase diagram of
Quantum Chromodynamics (QCD), though Tch is usu-
ally used [11, 12, 13, 14, 15, 16]. In order to extract T0
and βT , and study their dependence on energy, we can
analyze the pT (mT ) spectra of particles using differ-
ent models. These models include, but are not limited
to, the blast-wave model with Boltzmann-Gibbs statis-
tics [17, 18] or Tsallis statistics [19, 20, 21], as well as
other alternative methods [22, 23, 24, 25, 26] based on
the standard distribution or Tsallis distribution, where
the standard distribution denotes together the Boltz-
mann, Fermi-Dirac, and Bose-Einstein distributions.
In our recent work [27, 28], the blast-wave model
with Boltzmann-Gibbs statistics or Tsallis statistics
have been used to analyze the spectra of particles pro-
duced in high-energy proton-proton (pp) and AA colli-
sions. The related parameters were extracted and their
excitation functions were obtained. Not only the blast-
wave model [17, 18, 19, 20, 21] but also the alternative
method [22, 23, 24, 25, 26] can be used to extract T0
and βT , though an effective temperature T is used in
the latter. The alternative method is partly a new one,
in which the extraction of T0 is based on T [22, 23, 29].
In fact, in the alternative method, T0 is regarded as
the intercept in the linear relation between T and m0,
and βT is regarded as the slope in the linear relation
between 〈pT 〉 and m, where m0, 〈pT 〉, and m denote
the rest mass, mean pT , and mean moving mass (mean
energy) of the given particles, respectively.
Due to the importance of T0 and βT and their excita-
tion functions, we use a new method in the framework
of multisource thermal model [30] to describe the pT
(mT ) spectra of identified particles in this work. Con-
sidering the contributions of two participant partons to
pT of a given particle, we regard the two contributions
as the two components of pT in the rectangular coordi-
nate system. The pT (mT ) spectra of identified parti-
cles (concretely charged pions, kaons, and protons) pro-
duced at mid-rapidity (mid-y) in central AA collisions
which include gold-gold (Au-Au) collisions at the Alter-
nating Gradient Synchrotron (AGS), lead-lead (Pb-Pb)
collisions at the Super Proton Synchrotron (SPS), Au-
Au collisions at the RHIC, and Pb-Pb and xenon-xenon
(Xe-Xe) collisions at the LHC are studied. The center-
of-mass energy per nucleon pair,
√
sNN , considered by
us is from 2.7 GeV to 5.44 TeV. After fitting the exper-
imental data measured by the E866 [31], E895 [32, 33],
E802 [34, 35], NA49 [36, 37], STAR [38, 39, 40], and AL-
ICE Collaborations [41, 42, 43], we analyze the tendency
of parameters.
The remainder of this paper is structured as follows.
The formalism and method are shortly described in Sec-
tion 2. Results and discussion are given in Section 3.
In Section 4, we summarize our main observations and
conclusions.
2 Formalism and method
According to refs. [44, 45, 46], as one of the Tsal-
lis distribution and its revision or alternative forms, we
have the Tsallis-like distribution of pT at mid-y to be
d2N
dydpT
∝ dN
dy
mT
[
1 +
(q − 1)(mT − µ−m0)
T
]−1/(q−1)
,
(1)
where N denotes the number of particles,
mT =
√
p2T +m
2
0 (2)
can be obtained following pT ,
q = 1 +
1
n
(3)
is an entropy index that characterizes the degree of non-
equilibrium, n is a parameter related to q, and µ is chem-
ical potential. In particular, in mT − µ − m0, mT is
simplified from mT cosh y because cosh y ≈ 1 at mid-y.
We have the probability density function of pT at
mid-y to be
1
N
dN
dpT
∝ mT
[
1 +
(q − 1)(mT − µ−m0)
T
]−1/(q−1)
.
(4)
Empirically, to fit the spectra of pT in this work, Eq.
2
(4) can be revised as
f(pT , T ) = Cm
a0
T
[
1 +
(q − 1)(mT − µ−m0)
T
]−1/(q−1)
,
(5)
where C is the normalization constant, a0 is a new
non-dimensional parameter that describes the winding
degree of the distribution in the beginning pT region
(pT = 0 ∼ 1 GeV/c), which is introduced artificially
and tested in our recent work [47], and ma0T is revised
from mT due to the introduction of the revised index
a0. We call Eq. (5) the revised Tsallis-like function.
In the framework of multisource thermal model [30],
we assume that two participant partons taken part in
the collisions. Let pt1 and pt2 denote the components
contributed by the first (projectile) and second (target)
partons to pT respectively. That is, pt1 and pt2 are as-
sumed to be the two components of pT in the rectangular
coordinate system. We have
pT =
√
p2t1 + p
2
t2. (6)
Each parton, e.g. the i-th parton, is assumed to con-
tribute to pT to obey Eq. (5), where i = 1 and 2. We
have the probability density functions obeyed by pt1 and
pt2 to be
fi(pti, T ) = Cm
a0
ti
[
1 +
(q − 1)(mti − µi −m0i)
T
]−1/(q−1)
,
(7)
where the subscript i is used for the quantities related
to the i-th parton and m0i is empirically the constituent
mass of the considered parton. Generally, in the case of
considering u and/or d quarks, we take mu = md = 0.3
GeV/c2. The value of µi will be discussed at the end of
this section.
Let φ denote the azimuthal angle of pT relative to pt1.
According to refs. [48, 49], we have the united probabil-
ity density function of pT and φ to be
fpT ,φ(pT , φ, T ) = pT f1,2(pt1, pt2, T )
= pT f1(pt1, T )f2(pt2, T )
= pT f1(pT cosφ, T )f2(pT sinφ, T ), (8)
where f1,2(pt1, pt2, T ) denotes the united probability
density function of pt1 and pt2. Further, we have the
probability density function of pT to be
fpT (pT , T ) =
∫ 2pi
0
fpT ,φ(pT , φ, T )dφ
= pT
∫ 2pi
0
f1(pT cosφ, T )f2(pT sinφ, T )dφ.
(9)
Equation (9) can be used to fit the pT spectra and
obtain the parameters T , q, and a0. In a few cases, one
needs a superposition of two Eq. (9) to fit the pT spec-
tra. In the case of using a two-component distribution,
we have the probability density function of pT to be
fpT (pT ) = kfpT (pT , T1) + (1− k)fpT (pT , T2), (10)
where k (1− k) denotes the contribution fraction of the
first (second) component and fpT (pT , T1) [fpT (pT , T2)]
is given by Eq. (9). Correspondingly, the temperature
T = kT1 + (1− k)T2 (11)
is averaged by weighting the two fractions. The tem-
perature T defined by Eq. (11) reflects the common
effective temperature of the two components in the case
of the two components are assumed to stay in a new
equilibrium in which T still characterizes the average
kinetic energy.
To obtain the transverse flow velocity βT , we need to
know the slope in the linear relation between the average
transverse momentum 〈pT 〉 and the mean moving mass
m in the source rest frame of the considered particle.
That is, we need to calculate 〈pT 〉 and m. According to
Eq. (10), we have
〈pT 〉 =
∫ pT max
0
pT fpT (pT )dpT (12)
due to ∫ pT max
0
fpT (pT )dpT = 1, (13)
where pT max denotes the maximum pT .
The calculation of m is attributed to the calculation
of the mean energy E due to they being the same, which
can be performed by the Monte Carlo method. In the
Monte Carlo method, let R1,2 denote random numbers
distributed evenly in [0, 1]. Each concrete pT satisfies∫ pT
0
fpT (p
′
T , T )dp
′
T < R1 <
∫ pT+δpT
0
fpT (p
′
T , T )dp
′
T , (14)
where δpT denotes a small shift relative to pT . Each
concrete emission angle θ satisfies
θ = 2 arcsin
√
R2 (15)
3
due to the fact that θ obeys the probability density func-
tion
fθ(θ) =
1
2
sin θ (16)
in [0, pi] in the case of isotropic assumption in the source
rest frame. In fact, the solution of the equation
∫ θ
0
fθ(θ
′)dθ′ = R2 (17)
is exactly Eq. (15). Each concrete momentum p and
energy E can be obtained by
p = pT csc θ (18)
and
E =
√
p2 +m20 (19)
respectively.
After multiple repeating calculations due to the
Monte Carlo method, we can obtained E, that is m.
Then, we can use the alternative method to obtain βT
which is the slope in the linear relation between 〈pT 〉
and m. As for the kinetic freeze-out temperature T0, we
can use the intercept in the linear relation between the
effective temperature T and the rest mass m0.
It should be noted that in some cases the transverse
spectra are shown in terms of mT , but not pT . To con-
verse the probability density function fpT (pT , T ) of pT
to the the probability density function fmT (mT , T ) of
mT , we have the relation
fpT (pT , T )|dpT | = fmT (mT , T )|dmT |. (20)
Then, we have
fmT (mT , T ) =
mT√
m2T −m20
fpT
(√
m2T −m20, T
)
(21)
due to Eq. (2). Using the parameters from mT spectra,
we may also obtain T0, 〈pT 〉, m, and βT .
We now discuss the chemical potential µi of the i-th
parton. Generally, the chemical potential µ of parti-
cle affects obviously the particle production at low en-
ergy [50, 51, 52, 53, 54, 55, 56]. For baryon, the chemical
potential µB related to collision energy
√
sNN is empir-
ically given by
µB =
1.303
1 + 0.286
√
sNN
, (22)
where both µB and
√
sNN are in the units of
GeV [57, 58, 59]. According to ref. [50], we have
µi = µB/3 due to the fact that a baryon consisted
of three quarks.
3 Results and discussion
Figure 1 and its two continued parts present the
transverse momentum pT (transverse mass mT ) spec-
tra, (2pipT )
−1d2N/dydpT [(2pimT )−1d2N/dydmT ], of
charged pions, kaons, and protons produced in 0–5%
Au-Au collisions at
√
sNN = (a) 2.7, (b) 3.32, (c) 3.84,
(d) 4.3, (e) 5.03, (g) 7.7, (h) 11.5, (i) 14.5, (j) 19.6, (k)
27, (l) 39, (m) 62.4, (n) 130, and (o) 200 GeV, in 0–5%
Pb-Pb collisions at
√
sNN = (f) 6.3 GeV, (p) 2.76 TeV,
and (q) 5.02 TeV, as well as in 0–5% Xe-Xe collisions at
(r)
√
sNN = 5.44 TeV. In Figures 1(i), 1(o), 1(p), and
1(r), the factor 1/NEV is included on the vertical axis,
where NEV denotes the number of events, which can be
omitted. In Figures 1(q) and 1(r), the item (2pipT )
−1 is
not included on the vertical axis, which results in differ-
ent calculation for vertical values from other panels. The
collision types, particle types, mid-y ranges, centrality
classes, and
√
sNN are marked in the panels. The sym-
bols represent the experimental data measured in the
mid-y range by the E866, E895, and E802 Collaboration
at the AGS [31, 32, 33, 34, 35], by the NA49 Collabora-
tion at the SPS [36, 37], by the STAR Collaboration at
the RHIC [38, 39, 40], and by the ALICE Collaboration
at the LHC [41, 42, 43]. The solid and dashed curves
are our results, fitted by using Eq. (10) due to Eqs. (7)
and (9), with µi = 0 and µi = µB/3, respectively. In the
process of fitting the data, we determine the best param-
eters by the method of least squares. The experimen-
tal uncertainties used in calculating the χ2 are obtained
by the root sum square of the statistical uncertainties
and the systematic uncertainties. The parameters that
minimize the χ2 are the best parameters. The errors
of parameters are obtained by the statistical simulation
method [60, 61]. The values of T1, T2, k, q, and a0 are
listed in Table 1 and its continued part with χ2 and the
number of degree of freedom (ndof). The values of T
obtained from Eq. (11) are also listed.
One can see from Figure 1 and Table l (and their
continued parts) that Eq. (10) describes approximately
the considered experimental data. In most cases the
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Fig. 1. Transverse mass spectra of charged pions, kaons, and protons produced in 0–5% Au-Au collisions at
√
sNN = (a) 2.7,
(b) 3.32, (c) 3.84, (d) 4.3, and (e) 5.03 GeV, and in 0–5% Pb-Pb collisions at
√
sNN = (f) 6.3 GeV. The symbols represent
the experimental data at mid-y measured by the E866, E895, and E802 Collaboration at the AGS [31, 32, 33, 34, 35] and
by the NA49 Collaboration at the SPS [36, 37]. The solid and dashed curves are our results, fitted by using Eq. (10) due
to Eqs. (7) and (9), with µi = 0 and µi = µB/3, respectively.
single component function (k = 1) is usable and suit-
able, and in a few cases the two-component function
(0 < k < 1) is needed. In particular, in the case of
using the two-component function, k (= 0.99) is very
close to 1, which implies that the contribution of the
second component is negligible if necessary. In fact, the
second component contributes to the spectrum in high
pT region, which does not affect largely the extraction
of temperature and flow velocity due to small fraction.
The value of µi affects mainly the parameters at below
dozens of GeV.
It should be noted that the Tsallis distribution can
describe in fact the spectra presented in Fig. 1 (and its
two continued parts) in most cases, though the values of
5
10
−4
10
−2
1
10 2
10 3
0 0.5 1 1.5 2 2.5
pT (GeV/c)
1/
(2pi
p T
) d
2 N
/d
yd
p T
 
((G
eV
/c)
-
2 )
Au-Au  0-5% 
(g)    
|y|<0.1        
7.7 GeV      
              (pi++pi−)/2
             (K++K−)/2
               (p+p)/2−                                                                 
STAR         
10
−4
10
−2
1
10 2
10 3
0 0.5 1 1.5 2 2.5
pT (GeV/c)
1/
(2pi
p T
) d
2 N
/d
yd
p T
 
((G
eV
/c)
-
2 )
Au-Au  0-5% 
|y|<0.1        
(h)    
11.5 GeV      
STAR         
              (pi++pi−)/2
             (K++K−)/2
               (p+p)/2−                                                                 
10
−4
10
−2
1
10 2
10 3
0 0.5 1 1.5 2 2.5
pT (GeV/c)
1/
(N
EV
2pi
p T
) d
2 N
/d
yd
p T
 
((G
eV
/c)
-
2 )
Au-Au  0-5% 
|y|<0.1        
(i)    
14.5 GeV      
STAR         
              (pi++pi−)/2
             (K++K−)/2
               (p+p)/2−                                                                 
10
−4
10
−2
1
10 2
10 3
0 0.5 1 1.5 2 2.5
pT (GeV/c)
1/
(2pi
p T
) d
2 N
/d
yd
p T
 
((G
eV
/c)
-
2 )
Au-Au  0-5% 
|y|<0.1        
(j)    
19.6 GeV      
STAR         
              (pi++pi−)/2
             (K++K−)/2
               (p+p)/2−                                                                 
10
−4
10
−2
1
10 2
10 3
0 0.5 1 1.5 2 2.5
pT (GeV/c)
1/
(2pi
p T
) d
2 N
/d
yd
p T
 
((G
eV
/c)
-
2 )
Au-Au  0-5% 
|y|<0.1       
(k)    
27 GeV      
STAR        
              (pi++pi−)/2
             (K++K−)/2
               (p+p)/2−                                                                 
10
−4
10
−2
1
10 2
10 3
0 0.5 1 1.5 2 2.5
pT (GeV/c)
1/
(2pi
p T
) d
2 N
/d
yd
p T
 
((G
eV
/c)
-
2 )
Au-Au  0-5% 
|y|<0.1       
(l)    
39 GeV      
STAR        
              (pi++pi−)/2
             (K++K−)/2
               (p+p)/2−                                                                 
Fig. 1. Continued. Transverse momentum spectra of charged pions, kaons, and protons produced in 0–5% Au-Au collisions
at
√
sNN = (g) 7.7, (h) 11.5, (i) 14.5, (j) 19.6, (k) 27, and (l) 39 GeV. The symbols represent the experimental data at
mid-y measured by the STAR Collaboration at the RHIC [38, 39, 40]. The solid and dashed curves are our results, fitted
by using Eq. (10) due to Eqs. (7) and (9), with µi = 0 and µi = µB/3, respectively.
parameters may be changed. However, to extract some
information at the parton level, we have regarded the
revised Tsallis-like function [Eq. (7)] as the components
of pT contributed by the participant partons. The value
of pT is then taken to be the root sum square of the
components. In the present work, we have considered
two participant partons and two components. The new
treatment has spaces to extend to three and more par-
ticipant partons and their components. In the case of
the analytical expression for more components becoming
difficult, we may use the Monte Carlo method to obtain
the components, and pT is the root sum square of the
components. Then, the distribution of pT is obtained
by the statistical method.
To study the changing tendencies of the free param-
eters, Figure 2 shows the dependences of (a) effective
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Fig. 1. Continued again. Transverse momentum spectra of charged pions, kaons, and protons produced in 0–5% Au-Au
collisions at
√
sNN = (m) 62.4, (n) 130, and (o) 200 GeV, in 0–5% Pb-Pb collisions at
√
sNN = (p) 2.76 and (q) 5.02 TeV,
and in 0–5% Xe-Xe collisions at
√
sNN = (r) 5.44 TeV. The symbols represent the experimental data at mid-y measured by
the STAR Collaboration at the RHIC [38, 39, 40] and by the ALICE Collaboration at the LHC [41, 42, 43]. The solid and
dashed curves are our results, fitted by using Eq. (10) due to Eqs. (7) and (9), with µi = 0 and µi = µB/3, respectively.
temperature T , (b) entropy index q, and (c) revised in-
dex a0 on energy
√
sNN , where the closed and open
symbols are cited from Table 1 (and its continued part)
which are obtained from the fittings with µi = 0 (sold
curves) and µi = µB/3 (dashed curves) in Figure 1
(and its two continued parts), respectively. The tri-
angles, circles, squares, and pentagrams represent the
results for charged pions, kaons, protons, and the aver-
age by weighting different yields, respectively. One can
see from Figure 2 that, the effective temperature T in-
creases obviously, the entropy index q increases slowly,
and the revised index a0 increase quickly from ≈ 3 to
≈ 10 GeV and then changes slowly at above 10 GeV
except for a large increase (≈ 50%) at the maximum
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Fig. 2. Dependences of (a) effective temperature T , (b) entropy index q, and (c) revised index a0 on energy
√
sNN , where
the closed and open symbols are cited from Table 1 (and its continued part) which are obtained from the fittings with µi = 0
(sold curves) and µi = µB/3 (dashed curves) in Figure 1 (and its two continued parts), respectively. The triangles, circles,
squares, and pentagrams represent the results for charged pions, kaons, protons, and the average by weighting different
yields, respectively.
energy, with the increase of ln(
√
sNN ). These parame-
ters also show the dependent tendency of particle mass.
With increasing the particle mass, T and a0 increase
and q decreases obviously. Indeed, µi does not affect
obviously the parameters at higher energy, but at below
dozens of GeV.
The entropy index q reflects the degree of equilib-
rium or non-equilibrium of collision system, in which
q = 1 corresponds to an equilibrium state and q ≫ 1
means a non-equilibrium state. The present work shows
that q is very close to 1 which renders that the system
stays approximately at the equilibrium sate. In partic-
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Fig. 3. Dependences of T on m0. Different symbols represent the results from identified particles produced in central AA
collisions at different energies shown in panels (a)–(f). The lines are the results fitted by the least square method, where
the intercepts are regarded as T0. The closed and open symbols (the solid and dashed curves) correspond to the results for
µi = 0 and µi = µB/3 respectively.
ular, the system is closer to the equilibrium state when
it emits heavier particles at lower energy. The values of
a0 for the spectra of charged pions, kaons, and protons
at above 10 GeV are approximately around 0, 1, and 2,
respectively, which drop suddenly at lower energy. It is
hard to explain exactly the meaning of a0, but it shows
the winding degree of the spectrum in the beginning in
low-pT region [47]. The influence of µi on q and a0 is
very small.
The effective temperature T contains the contribu-
tions of the thermal motions and flow effect. The ther-
mal motion can be described by the kinetic freeze-out
temperature T0, and the flow effect can be described by
the transverse flow velocity βT . To obtain the values
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Fig. 3. Continued. Dependences of 〈pT 〉 on m. Different symbols represent the results from identified particles produced
in central AA collisions at different energies shown in panels (g)–(l). The lines are the results fitted by the least square
method, where the slopes are regarded as βT . The closed and open symbols (the solid and dashed curves) correspond to the
results for µi = 0 and µi = µB/3 respectively.
of T0 and βT , we analyze the values of T presented in
Table 1 (and its continued part), and calculate 〈pT 〉 and
m based on the values of parameters listed in Table 1
(and its continued part). In the calculation performed
from pT to 〈pT 〉 and m by the Monte Carlo method, as
in refs. [24, 25, 26], an isotropic assumption in the rest
frame of emission source is used.
Figures 3(a), 3(b), 3(c), 3(d), 3(e), and 3(f) show
the relationship of T and m0, according to the parame-
ter values of AA collisions. And in the continued part,
Figures 3(g), 3(h), 3(i), 3(j), 3(k), and 3(l) show the rela-
tionship of 〈pT 〉 and m, correspondingly. Different sym-
bols represent the values from central AA collisions at
different
√
sNN , where Au-Au collisions at
√
sNN = 2.7,
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Fig. 4. Dependences of (a) T0 on
√
sNN , (b) βT on
√
sNN , and (c) T0 on βT . The parameter values are obtained from
Table 2 (and its continued part) which are from the linear fittings in Figure 3 (and its continued part). The closed and open
symbols correspond to the results for µi = 0 and µi = µB/3 respectively.
3.32, 3.84, 4.3, 5.03, 7.7 11.5, 14.5, 19.6, 27, 39, 62.4,
130, and 200 GeV, Pb-Pb collisions at
√
sNN = 6.3 GeV,
2.76 TeV, and 5.02 TeV, as well as Xe-Xe collisions at√
sNN = 5.44 TeV are included. The closed and open
symbols represent the results for µi = 0 and µi = µB/3
respectively. The symbols in Figures 3(a), 3(b), 3(c),
3(d), 3(e), and 3(f) represent the values of T listed in
Table 1 (and its continued part) for different m0. The
symbols in Figures 3(g), 3(h), 3(i), 3(j), 3(k), and 3(l)
represent the values of 〈pT 〉 for different m, which are
calculated due to the parameters listed in Table 1 (and
its continued part) and the isotropic assumption in the
rest frame of emission source.
It can be seen that the mentioned relationships show
nearly linear tendencies in most cases. The lines in Fig-
ure 3 (and its continued part) are the results fitted by
the least square method, where the solid and dashed
lines correspond to the results for µi = 0 and µi = µB/3
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respectively. The values of intercepts, slopes, and χ2
are listed in Table 2 and its continued part. One can
see that, in most cases, the mentioned relations are de-
scribed by a linear function. In particular, the inter-
cepts in Figures 3(a), 3(b), 3(c), 3(d), 3(e) and 3(f) are
regarded as T0, and the slopes in Figures 3(g), 3(h),
3(i), 3(j), 3(k) and 3(l) are regarded as βT . The values
of T , T0, βT , and m are approximately independent of
isospin.
In order to more clearly see the tendencies of T0 and
βT , we show the dependences of T0 on
√
sNN , βT on√
sNN , and T0 on βT in Figures 4(a), 4(b), and 4(c), re-
spectively, where the closed and open symbols represent
the results for µi = 0 and µi = µB/3 respectively. One
can see that the two parameters increase quickly from
≈ 3 to ≈ 10 GeV and then slowly at above 10 GeV with
the increase of ln(
√
sNN) in general. There is a sidestep
from near 10 GeV to 200 GeV. In particular, T0 increases
with the increase of βT . These incremental tendencies
render that, at the stage of kinetic freeze-out, the de-
grees of excitation and expansion of the system increase
with increasing the energy. These results are partly in
agreement with the blast-wave model which shows de-
creasing tendency for T0 and increasing tendency for
βT with increasing the energy from the RHIC [40] to
LHC [41]. The chemical potential (µi = µB/3) has ob-
vious influence on T0 at below dozens of GeV. After
considering the chemical potential, the sidestep in the
excitation function of T0 becomes more obvious.
With the increase of collision energy, the fact that
the values of T0 and βT increase quickly from ≈ 3 to
≈ 10 GeV and then slowly at above 10 GeV implies that
there are different collision mechanisms in the two en-
ergy ranges. In AA collisions, if the baryon-dominated
effect plays more important role at below 10 GeV [62],
the meson-dominated effect should play more important
role at above 10 GeV. In the baryon-dominated case,
less energies are deposited in the system, and then the
system has low excitation degree and temperature. In
the meson-dominated case, the situation is opposite. In-
deed, ≈ 10 GeV is a particular energy which should be
payed more attention. The onset energy of deconfine-
ment phase transition from hadronic matter to QGP
may be 10 GeV or lower a little.
If we regard the sidestep from near 10 GeV to 200
GeV in the excitation functions of T0 and βT as a reflec-
tion of the formation of QGP liquid drop, the quickly
increase of T0 and βT at the LHC is a reflection of the
formation of supersaturated QGP gas mass. The sit-
uation of the latter is similar to boil the water in the
tightly closed container in which the boiling tempera-
ture is higher than 100 degree Celsius due to higher
pressure. At the LHC, the higher energy should cre-
ate higher density and pressure, and then higher kinetic
freeze-out temperature and transverse flow velocity.
Although the model presented in the analysis does
not have the power to distinguish any difference from
the transition around 10 GeV and other energies, the
model can be regarded as a “thermometer” to measure
temperatures and other parameters at different energies.
Then, the related excitation functions can be obtained
and the differences from the transition around critical
point and other energies can be seen from the excita-
tion functions. Different models can be regarded as dif-
ferent “thermometers”. The temperatures measured by
different “thermometers” have to be unified so that one
can give a comparison which is beyond the focus of the
analysis and will not be discussed anymore.
In addition, the model assumes the contributions
from two participant partons in the framework of multi-
source thermal model [30]. In pp collisions, one can see
the point of a hard scattering between two partons and
look at the high pT particle productions or other obser-
vations. However, even in pp collisions there are under-
lying events, multiple-parton interactions, etc. Further,
the data used in this analysis are from central AA col-
lisions, where hundreds and thousands of hadrons are
produced. Using a model inspired by two participant
partons seems to be oversimplified. In fact, our assump-
tion is reasonable due to many two-parton processes ex-
citing in the collisions.
In our opinion, although many partons take part in
the collisions, only two or a few partons take part in the
production of a given particle. We may expect that the
production of many particles can result from double or
more partons. If necessary, we may extend the picture
of two participant partons to that of three or multiple
participant partons [30] if we regard the transverse mo-
mentum of identified particle as the root sum square of
the transverse momenta of three or multiple participant
partons. It is just that the picture of two participant
partons is enough for the production of single particle
in this analysis.
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Although there were many papers in the past that
have studied the identified particle spectra in high en-
ergy collisions, both experimentally and phenomenologi-
cally, this work shows a new way to systemize the exper-
imental data in AA collisions over a wide energy range
from 2.7 GeV to 5.44 TeV. In this work, for the first
time, we have analyzed the particle’s transverse momen-
tum as the root sum square of transverse momenta of
two participant partons. In fact, we have regarded the
transverse momenta of two participant partons as the
components of particle’s transverse momentum in the
rectangular coordinate system.
Through the analysis of the data, we have obtained
the excitation functions of some quantities, such as the
effective temperature T and its weighted average 〈T 〉,
the kinetic freeze-out temperature T0 and its weighted
average 〈T0〉, the transverse flow velocity βT and its
weighted average 〈βT 〉, the entropy index q and its
weighted average 〈q〉, as well as the revised index a0
and its weighted average 〈a0〉. These excitation func-
tions all show some specific laws as the collision energy
increases. Although the conclusion on “onset of decon-
finement” or QCD phase transition is indicated around
10 GeV or below is possibly over-interpreting the data
and only using the blast-wave or Tsallis-like model is
clearly not enough, the sudden change in the slope in
the excitation function of T0 is worthy of attention.
4 Summary and conclusion
We summarize here our main observations and con-
clusions.
(a) The transverse momentum (mass) spectra of
charged pions, kaons, and protons produced at mid-
rapidity in central AA (Au-Au, Pb-Pb, and Xe-Xe) col-
lisions over an energy range from 2.7 GeV to 5.44 TeV
have been analyzed in this work. The experimental data
measured by several collaborations are approximately
fitted in the framework of multisource thermal model
in which the transverse momentum of identified par-
ticle is regarded as the root sum square of transverse
momenta of two participant partons, where the latter
obeys the revised Tsallis-like function. This treatment
for the spectra of transverse momenta is novel and suc-
cessful. The excitation functions of parameters such as
the effective temperature, entropy index, revised index,
kinetic freeze-out temperature, and transverse flow ve-
locity are obtained. The chemical potential has obvious
influence on the excitation function of kinetic freeze-out
temperature.
(b) With increasing the collision energy, the entropy
index increases slowly, and the revised index increases
quickly and then changes slowly except for a large in-
crease at the LHC. With increasing the particle mass,
the entropy index decreases and the revised index in-
creases obviously. The collision system discussed in this
work stays approximately at the equilibrium sate, and
some functions based on the assumption of equilibrium
can be used. The system is closer to the equilibrium
state when it emits heavier particles at lower energy.
The revised index describes the winding degrees of the
spectra in very low transverse momentum region. Its
values for the spectra of charged pions, kaons, and pro-
tons are approximately around 0, 1, and 2, respectively,
at above 10 GeV and drop suddenly at below 10 GeV.
(c) With increasing the collision energy, the effective
temperature increases obviously and monotonously, and
the kinetic freeze-out temperature and transverse flow
velocity increase quickly from ≈ 3 to ≈ 10 GeV and
then slowly at above 10 GeV. There is a sidestep from
near 10 GeV to 200 GeV in the excitation functions
of the latter pair. The onset energy of deconfinement
phase transition from hadronic matter to QGP may be
10 GeV or lower a little. If the sidestep at the RHIC is
regarded as a reflection of the formation of QGP liquid
drop, the following quickly increase of the excitation
functions at the LHC is a reflection of the formation of
supersaturated QGP gas mass. At kinetic freeze-out,
the degrees of excitation and expansion of the system
increase with increasing the energy from the RHIC to
LHC.
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Table 1. Values of free parameters (T1, T2, k, q, and a0), derived parameter [T = kT1 + (1 − k)T2], normalization constant (N0), χ2, and ndof corresponding to the solid curves in Figure 1
(and its two continued parts) in which different data are measured in different mid-y ranges at different energies by different collaborations. In a few cases, 0 < k < 1 which means that there
is the second component.
Collab.
√
s (GeV) Particle T1 (MeV) T2 (MeV) k T (MeV) q a0 N0 χ
2 ndof
E866/E895 Au-Au 2.7 pi+ 110± 4 − 1 110 ± 4 1.052± 0.003 −0.76± 0.01 12± 2 13.65 19
K+ 114± 7 − 1 114 ± 7 1.011± 0.004 0.11± 0.01 1 ± 0.01 3.81 6
p 162± 4 − 1 162 ± 4 1.001± 0.001 0.6± 0.01 76± 6 225.75 36
3.32 pi+ 120± 4 − 1 120 ± 4 1.062± 0.003 −0.6± 0.01 27± 2 37.49 24
K+ 120± 6 − 1 120 ± 6 1.013± 0.003 0.12± 0.02 2 ± 0.03 2.66 8
p 174± 5 − 1 174 ± 5 1.004± 0.002 0.65± 0.01 70± 3 360.36 36
3.84 pi+ 120± 4 − 1 120 ± 4 1.062± 0.003 −0.58± 0.02 37± 6 15.47 19
K+ 140± 8 − 1 140 ± 8 1.020± 0.005 0.14± 0.02 5 ± 0.01 0.99 7
p 167± 5 − 1 167 ± 5 1.001± 0.002 0.8± 0.02 62± 5 437.26 36
4.3 pi+ 122± 6 − 1 122 ± 6 1.066± 0.003 −0.55± 0.02 46± 9 28.07 16
K+ 144 ± 10 − 1 144± 10 1.023± 0.002 0.15± 0.02 8± 0.2 0.94 5
p 180± 7 − 1 180 ± 7 1.001± 0.003 0.8± 0.02 59± 9 115.91 36
E802 Au-Au 5.03 pi+ 133± 4 − 1 133 ± 4 1.067± 0.001 −0.4± 0.01 51± 6 106.14 30
K+ 145± 6 − 1 145 ± 6 1.023± 0.001 0.13± 0.01 12± 3 3.54 7
p 184± 7 − 1 184 ± 7 1.002± 0.003 0.83± 0.03 62± 5 67.482 25
NA49 Pb-Pb 6.3 pi+ 135± 4 − 1 135 ± 4 1.070± 0.001 −0.5± 0.02 74± 6 256.71 12
K+ 150± 6 − 1 150 ± 6 1.025± 0.002 0.13± 0.01 17± 2 18.20 6
p 184± 7 − 1 184 ± 7 1.002± 0.003 0.74± 0.03 3± 0.5 8.55 10
STAR Au-Au 7.7 (pi+ + pi−)/2 132± 7 − 1 132 ± 7 1.062± 0.001 0.2± 0.01 93± 2 40.93 22
(K+ +K−)/2 170± 9 − 1 170 ± 9 1.026± 0.005 1.0± 0.01 14± 3 11.36 16
(p + p¯)/2 220 ± 10 − 1 220± 10 1.007± 0.002 1.8± 0.01 28± 1 0.53 11
11.5 (pi+ + pi−)/2 137± 7 − 1 137 ± 7 1.064± 0.001 0.2± 0.01 120 ± 5 32.41 22
(K+ +K−)/2 173± 9 − 1 173 ± 9 1.026± 0.003 1.0± 0.01 18± 3 7.05 19
(p + p¯)/2 213 ± 11 − 1 213± 11 1.004± 0.001 1.8± 0.01 23± 1 9.32 19
14.5 (pi+ + pi−)/2 139± 7 − 1 139 ± 7 1.065± 0.001 0.2± 0.02 141 ± 9 2.91 24
(K+ +K−)/2 176± 9 − 1 176 ± 9 1.022± 0.006 1.0± 0.01 22± 3 0.18 14
(p + p¯)/2 228 ± 12 − 1 228± 12 1.009± 0.001 1.5± 0.01 22± 1 2.17 21
19.6 (pi+ + pi−)/2 143± 8 − 1 143 ± 8 1.067± 0.001 0.16± 0.03 150 ± 6 30.59 21
(K+ +K−)/2 182± 9 − 1 182 ± 9 1.023± 0.003 1.0± 0.01 24± 4 2.29 22
(p + p¯)/2 230 ± 11 − 1 230± 11 1.007± 0.001 1.6± 0.02 19± 1 9.79 18
27 (pi+ + pi−)/2 146± 8 − 1 146 ± 8 1.069± 0.001 0.11± 0.01 172 ± 6 40.31 21
(K+ +K−)/2 189± 9 − 1 189 ± 9 1.019± 0.003 1.0± 0.01 26± 3 10.79 20
(p + p¯)/2 235 ± 11 − 1 235± 11 1.006± 0.002 1.6± 0.02 19± 1 8.61 18
39 (pi+ + pi−)/2 150± 9 − 1 150 ± 9 1.071± 0.001 0.12± 0.03 178 ± 9 46.60 22
(K+ +K−)/2 192 ± 10 − 1 192± 10 1.022± 0.002 1.0± 0.01 28± 3 8.31 22
(p + p¯)/2 240 ± 12 − 1 240± 12 1.005± 0.001 1.73± 0.01 17± 2 5.11 18
62.4 (pi+ + pi−)/2 151± 9 − 1 151 ± 9 1.071± 0.001 −0.1± 0.02 211 ± 9 56.46 6
(K+ +K−)/2 204 ± 10 − 1 204± 10 1.026± 0.001 1.0± 0.01 34± 3 1.93 6
(p + p¯)/2 258 ± 13 − 1 258± 13 1.014± 0.002 1.94± 0.02 18± 1 14.22 11
130 (pi+ + pi−)/2 153± 9 − 1 153 ± 9 1.073± 0.002 −0.1± 0.01 250 ± 9 88.09 6
(K+ +K−)/2 208 ± 10 − 1 208± 10 1.026± 0.003 1.0± 0.01 43± 3 2.19 8
(p + p¯)/2 264 ± 13 − 1 264± 13 1.015± 0.002 1.98± 0.02 20± 1 8.71 8
200 (pi+ + pi−)/2 156± 9 − 1 156 ± 9 1.072± 0.003 −0.08± 0.01 288 ± 9 41.56 7
(K+ +K−)/2 213 ± 11 − 1 213± 11 1.031± 0.002 1.1± 0.02 47± 3 0.92 6
(p + p¯)/2 282 ± 14 − 1 282± 14 1.019± 0.002 1.9± 0.01 23± 1 10.16 12
ALICE Pb-Pb 2760 (pi+ + pi−)/2 176 ± 10 − 1 176± 10 1.109± 0.001 −0.08± 0.00 752± 11 154.23 37
(K+ +K−)/2 222 ± 13 − 1 222± 13 1.056± 0.002 1.2± 0.02 109 ± 6 9.66 32
(p + p¯)/2 308 ± 14 − 1 308± 14 1.019± 0.001 2.1± 0.03 33± 3 25.64 38
5020 pi+ + pi− 188 ± 11 900 ± 18 0.99± 0.00 188± 11 1.101± 0.001 −0.02± 0.00 1899 ± 30 69.37 36
K+ +K− 230 ± 13 1060± 20 0.99± 0.00 231± 13 1.057± 0.001 1.2± 0.01 268± 10 15.36 32
p+ p¯ 321 ± 14 950 ± 16 0.99± 0.00 322± 14 1.024± 0.001 2.2± 0.02 70± 4 27.57 27
ALICE Xe-Xe 5440 pi+ + pi− 192 ± 12 − 1 192± 12 1.108± 0.002 −0.03± 0.01 1019 ± 33 11.28 36
K+ +K− 230 ± 13 − 1 230± 13 1.056± 0.002 1.2± 0.02 168± 11 1.13 27
p+ p¯ 328 ± 14 − 1 328± 14 1.020± 0.001 3± 0.04 411 ± 3 14.62 30
1
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Table 1 continued. Values of T1, T2, k, q, a0, T = kT1 + (1− k)T2, N0, χ2, and ndof corresponding to the dashed curves in Figure 1 (and its two continued parts).
Collab.
√
s (GeV) Particle T1 (MeV) T2 (MeV) k T (MeV) q a0 N0 χ
2 ndof
E866/E895 Au-Au 2.7 pi+ 119± 4 − 1 119 ± 4 1.048± 0.003 −0.76± 0.01 12± 2 13.53 19
K+ 117± 7 − 1 117 ± 7 1.011± 0.004 0.11± 0.01 1 ± 0.01 3.82 6
p 163± 4 − 1 163 ± 4 1.001± 0.001 0.6± 0.01 76± 6 223.69 36
3.32 pi+ 128± 4 − 1 128 ± 4 1.064± 0.003 −0.58± 0.01 27± 2 31.84 24
K+ 122± 6 − 1 122 ± 6 1.013± 0.003 0.12± 0.02 2 ± 0.03 2.61 8
p 175± 5 − 1 175 ± 5 1.004± 0.002 0.65± 0.01 70± 3 360.19 36
3.84 pi+ 126± 4 − 1 126 ± 4 1.060± 0.003 −0.55± 0.02 37± 6 23.90 19
K+ 142± 8 − 1 142 ± 8 1.020± 0.005 0.14± 0.02 5 ± 0.01 0.91 7
p 167± 5 − 1 167 ± 5 1.001± 0.002 0.8± 0.02 62± 5 443.66 36
4.3 pi+ 128± 6 − 1 128 ± 6 1.066± 0.003 −0.55± 0.02 46± 9 30.75 16
K+ 148 ± 10 − 1 148± 10 1.023± 0.002 0.15± 0.02 8± 0.2 0.96 5
p 181± 7 − 1 181 ± 7 1.001± 0.003 0.8± 0.02 59± 9 115.92 36
E802 Au-Au 5.03 pi+ 139± 4 − 1 139 ± 4 1.065± 0.001 −0.35± 0.01 51± 6 97.87 30
K+ 146± 6 − 1 146 ± 6 1.023± 0.001 0.13± 0.01 12± 3 2.74 7
p 185± 7 − 1 185 ± 7 1.002± 0.003 0.83± 0.03 62± 5 66.92 25
NA49 Pb-Pb 6.3 pi+ 138± 4 − 1 138 ± 4 1.073± 0.001 −0.5± 0.02 75± 6 227.91 12
K+ 155± 6 − 1 155 ± 6 1.025± 0.002 0.13± 0.01 17± 2 17.50 6
p 184± 7 − 1 184 ± 7 1.002± 0.003 0.74± 0.03 3± 0.5 8.18 10
STAR Au-Au 7.7 (pi+ + pi−)/2 139± 7 − 1 139 ± 7 1.062± 0.001 0.2± 0.01 93± 2 45.54 22
(K+ +K−)/2 170± 9 − 1 170 ± 9 1.026± 0.005 1.0± 0.01 14± 3 24.22 16
(p + p¯)/2 220 ± 10 − 1 220± 10 1.007± 0.002 1.8± 0.01 28± 1 0.73 11
11.5 (pi+ + pi−)/2 142± 7 − 1 142 ± 7 1.064± 0.001 0.2± 0.01 120 ± 5 31.18 22
(K+ +K−)/2 176± 9 − 1 176 ± 9 1.026± 0.003 1.0± 0.01 18± 3 6.37 19
(p + p¯)/2 213 ± 11 − 1 213± 11 1.004± 0.001 1.8± 0.01 23± 1 9.78 19
14.5 (pi+ + pi−)/2 145± 7 − 1 145 ± 7 1.065± 0.001 0.2± 0.02 141 ± 9 2.99 24
(K+ +K−)/2 177± 9 − 1 177 ± 9 1.022± 0.006 1.0± 0.01 22± 3 0.18 14
(p + p¯)/2 228 ± 12 − 1 228± 12 1.009± 0.001 1.5± 0.01 22± 1 2.32 21
19.6 (pi+ + pi−)/2 147± 8 − 1 147 ± 8 1.067± 0.001 0.16± 0.03 150 ± 6 29.20 21
(K+ +K−)/2 183± 9 − 1 183 ± 9 1.023± 0.003 1.0± 0.01 24± 4 1.97 22
(p + p¯)/2 230 ± 11 − 1 230± 11 1.007± 0.001 1.6± 0.02 19± 1 10.22 18
27 (pi+ + pi−)/2 149± 8 − 1 149 ± 8 1.069± 0.001 0.11± 0.01 172 ± 6 38.73 21
(K+ +K−)/2 190± 9 − 1 190 ± 9 1.019± 0.003 1.0± 0.01 26± 3 10.84 20
(p + p¯)/2 235 ± 11 − 1 235± 11 1.006± 0.002 1.6± 0.02 19± 1 8.93 18
39 (pi+ + pi−)/2 150± 9 − 1 150 ± 9 1.071± 0.001 0.12± 0.03 179 ± 9 45.08 22
(K+ +K−)/2 194 ± 10 − 1 194± 10 1.022± 0.002 1.0± 0.01 28± 3 8.92 22
(p + p¯)/2 240 ± 12 − 1 240± 12 1.005± 0.001 1.73± 0.01 17± 2 5.21 18
62.4 (pi+ + pi−)/2 151± 9 − 1 151 ± 9 1.071± 0.001 −0.1± 0.02 211 ± 9 51.02 6
(K+ +K−)/2 206 ± 10 − 1 206± 10 1.026± 0.001 1.0± 0.01 34± 3 1.81 6
(p + p¯)/2 258 ± 13 − 1 258± 13 1.014± 0.002 1.94± 0.02 18± 1 14.26 11
130 (pi+ + pi−)/2 153± 9 − 1 153 ± 9 1.073± 0.002 −0.1± 0.01 250 ± 9 85.71 6
(K+ +K−)/2 208 ± 10 − 1 208± 10 1.026± 0.003 1.0± 0.01 43± 3 2.22 8
(p + p¯)/2 264 ± 13 − 1 264± 13 1.015± 0.002 1.98± 0.02 20± 1 9.06 8
200 (pi+ + pi−)/2 156± 9 − 1 156 ± 9 1.072± 0.003 −0.08± 0.01 288 ± 9 41.17 7
(K+ +K−)/2 213 ± 11 − 1 213± 11 1.031± 0.002 1.1± 0.02 47± 3 0.99 6
(p + p¯)/2 282 ± 14 − 1 282± 14 1.019± 0.002 1.9± 0.01 23± 1 10.12 12
ALICE Pb-Pb 2760 (pi+ + pi−)/2 176 ± 10 − 1 176± 10 1.109± 0.001 −0.08± 0.00 752± 11 154.47 37
(K+ +K−)/2 222 ± 13 − 1 222± 13 1.056± 0.002 1.2± 0.02 109 ± 6 9.73 32
(p + p¯)/2 308 ± 14 − 1 308± 14 1.019± 0.001 2.1± 0.03 33± 3 25.67 38
5020 pi+ + pi− 188 ± 11 900 ± 18 0.99± 0.00 189± 11 1.101± 0.001 −0.02± 0.00 1899 ± 30 68.88 36
K+ +K− 230 ± 13 1060± 20 0.99± 0.00 231± 13 1.057± 0.001 1.2± 0.01 268± 10 15.26 32
p+ p¯ 321 ± 14 950 ± 16 0.99± 0.00 322± 14 1.024± 0.001 2.2± 0.02 70± 4 27.54 27
ALICE Xe-Xe 5440 pi+ + pi− 192 ± 12 − 1 192± 12 1.108± 0.002 −0.03± 0.01 1019 ± 33 11.29 36
K+ +K− 230 ± 13 − 1 230± 13 1.056± 0.002 1.2± 0.02 168± 11 1.13 27
p+ p¯ 328 ± 14 − 1 328± 14 1.020± 0.001 3± 0.04 411 ± 3 14.63 30
1
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Table 2. Values of intercepts, slopes, and χ2 for the solid lines in Figure 3 (and its continued part), where ndof = 1 which is
not shown in the table to avoid trivialness. The units of the intercepts in Figures 3(a)–3(f) and Figures 3(g)–3(l) are GeV
and GeV/c respectively. The units of the slopes in Figures 3(a)–3(f) and Figures 3(g)–3(l) are c2 and c respectively.
Figure Relation Type
√
sNN (GeV) Intercept Slope χ
2
Figure 3(a) T −m0 Au-Au 2.7 0.094 ± 0.002 0.067 ± 0.002 3.566
3.32 0.101 ± 0.001 0.070 ± 0.003 5.632
3.84 0.112 ± 0.002 0.059 ± 0.003 0.007
Figure 3(b) T −m0 Au-Au 4.3 0.110 ± 0.002 0.073 ± 0.004 0.134
5.03 0.120 ± 0.002 0.065 ± 0.003 1.105
Pb-Pb 6.3 0.124 ± 0.001 0.062 ± 0.004 0.443
Figure 3(c) T −m0 Au-Au 7.7 0.116 ± 0.002 0.110 ± 0.003 0.010
11.5 0.125 ± 0.002 0.095 ± 0.003 0.051
14.5 0.123 ± 0.001 0.112 ± 0.004 0.054
Figure 3(d) T −m0 Au-Au 19.6 0.128 ± 0.003 0.109 ± 0.004 0.002
27 0.132 ± 0.003 0.111 ± 0.004 0.104
39 0.135 ± 0.003 0.112 ± 0.004 0.033
Figure 3(e) T −m0 Au-Au 62.4 0.135 ± 0.003 0.133 ± 0.001 0.209
130 0.136 ± 0.003 0.138 ± 0.004 0.219
Au-Au 200 0.135 ± 0.004 0.158 ± 0.004 0.008
Figure 3(f) T −m0 Pb-Pb 2760 0.148 ± 0.003 0.166 ± 0.004 0.701
5020 0.159 ± 0.003 0.168 ± 0.003 1.209
Xe-Xe 5440 0.160 ± 0.003 0.172 ± 0.003 2.007
Figure 3(g) 〈pT 〉 −m Au-Au 2.7 0.170 ± 0.004 0.224 ± 0.004 0.692
3.32 0.176 ± 0.004 0.240 ± 0.005 1.545
3.84 0.202 ± 0.005 0.223 ± 0.005 0.011
Figure 3(h) 〈pT 〉 −m Au-Au 4.3 0.191 ± 0.004 0.250 ± 0.005 0.062
5.03 0.207 ± 0.004 0.244 ± 0.005 0.617
Pb-Pb 6.3 0.219 ± 0.005 0.231 ± 0.004 0.148
Figure 3(i) 〈pT 〉 −m Au-Au 7.7 0.135 ± 0.005 0.410 ± 0.005 0.088
11.5 0.160 ± 0.005 0.386 ± 0.007 0.002
14.5 0.161 ± 0.005 0.387 ± 0.006 0.011
Figure 3(j) 〈pT 〉 −m Au-Au 19.6 0.159 ± 0.004 0.396 ± 0.005 0.001
27 0.158 ± 0.004 0.401 ± 0.006 0.003
39 0.149 ± 0.004 0.418 ± 0.006 0.477
Figure 3(k) 〈pT 〉 −m Au-Au 62.4 0.096 ± 0.003 0.480 ± 0.006 0.047
130 0.090 ± 0.003 0.491 ± 0.008 0.079
200 0.083 ± 0.003 0.505 ± 0.008 0.027
Figure 3(l) 〈pT 〉 −m Pb-Pb 2760 0.086 ± 0.002 0.527 ± 0.006 0.015
5020 0.019 ± 0.002 0.591 ± 0.008 0.705
Xe-Xe 5440 0.031 ± 0.002 0.582 ± 0.009 0.579
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